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Abstract
Intelligent mechatronic systems, such as self-optimizing systems, allow an adaptation of the system behavior at runtime based on 
the current situation. To do so, they generally select among several pre-defined working points. A common method to determine 
working points for a mechatronic system is to use model-based multiobjective optimization. It allows finding compromises 
among conflicting objectives, called objective functions, by adapting parameters. To evaluate the system behavior for different 
parameter sets, a model of the system behavior is included in the objective functions and is evaluated during each function call. 
Intelligent mechatronic systems also have the ability to adapt their behavior based on their current reliability, thus increasing their 
availability, or on changed safety requirements; all of which are summed up by the common term dependability. To allow this 
adaptation, dependability can be considered in multiobjective optimization by including dependability-related objective 
functions. However, whereas performance-related objective functions are easily found, formulation of dependability-related 
objective functions is highly system-specific and not intuitive, making it complex and error-prone. Since each mechatronic 
system is different, individual failure modes have to be taken into account, which need to be found using common methods such 
as Failure-Modes and Effects Analysis or Fault Tree Analysis. Using component degradation models, which again are specific to 
the system at hand, the main loading factors can be determined. By including these in the model of the system behavior, the 
relation between working point and dependability can be formulated as an objective function. In our work, this approach is 
presented in more detail. It is exemplified using an actively actuated single plate dry clutch system. Results show that this 
approach is suitable for formulating dependability-related objective functions and that these can be used to extend system lifetime 
by adapting system behavior.
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1. Introduction
Self-optimizing mechatronic systems are able to autonomously adapt their behavior if the user requirements or 
operating conditions change [1]. To this end, the current situation is monitored and the objectives of the system are 
determined. Using model-based multiobjective optimization, for which a model of the behavior of the system is 
used, optimal system configurations are calculated before operation of the system. To adapt the system behavior 
during operation, the self-optimizing system sets its working point by selecting or interpolating the working point 
from these pre-calculated optimal system configurations. These concepts and structures were successfully employed 
e.g. for mechatronic systems such as a hybrid energy storage system [2] or for manufacturing systems [3].
While the adaptation process opens up new ways of system usage, e.g. by changing the responsiveness according 
to individual user demands, it also comes at the expense of additional complexity. This complexity increases the risk 
of failures and can degrade system dependability [4]. At the same time, the adaptation capabilities can be used 
advantageously by actively increasing system dependability if it is critical. According to [5], dependability
comprises several attributes: Reliability and in turn availability, which is also influenced by maintainability, but also 
integrity and safety. For mechatronic systems, those attributes that are influenced most effectively are reliability and 
safety. By improving reliability, maintenance planning is greatly simplified, thus availability is increased by 
avoiding unscheduled maintenance actions.
To adapt the system behavior advantageously with regard to system dependability, it has to be possible to lower 
loading factors on critical components such as work load or wear by selecting appropriate optimal system 
configurations. Thus it is also necessary to include system degradation in the objective functions used for the 
multiobjective optimization. However, the identification of necessary objective functions is currently the 
responsibility of the developing engineers. At present, there is no clearly defined procedure or method to guide them. 
The proposed method can be used to structure this process of identifying dependability-related objective functions.
The remainder of the paper is structured as follows: It begins with a more concise introduction to the behavior 
adaptation process, the adaptation based on dependability using the Multi-Level Dependability Concept and the 
required multiobjective optimization. Section 2 introduces the proposed method and the five steps required for 
conducting it before section 3 resumes with a practical example. The application of the proposed method to an 
actively actuated single plate dry clutch is shown. The paper ends with a short discussion of the results and a
conclusion.
1.1. Self-optimizing systems and Multi-Level Dependability Concept
A self-optimizing system is capable of adapting its behavior to changed environmental conditions or changes in 
system requirements. To do so, it continuously cycles through three actions: 1. Analyze current situation, 2. 
Determine system objectives, 3. Adapt system behavior [1].
In the first action, the current state of the system is taken into account. In order to use self-optimization to 
increase system dependability, methods such as condition monitoring are required. This action serves to identify the 
current compliance to the given objectives. In the second action, the system objectives are selected, generated or 
adapted. These objectives are quantified, i.e. not only whether they should be pursued is known but also to what 
extent or whether some of them are more important than other ones. The third action is to adapt the system behavior. 
During this action, the objectives from action 2 are taken into account and system parameters are selected. Then they 
are set on machine control level and the cycle starts again.
When using self-optimization to increase the dependability of intelligent mechatronic systems, the three actions
need to take dependability into account. For this, the Multi-Level Dependability Concept was developed [6]. It 
classifies the current system state into four discrete levels, of which the first two represent a (partially) usable 
system whereas level 3 already engages emergency mechanisms to keep the system safe and running and level 4
equates to a fail-safe state, e.g. an emergency shutdown. In levels 1 and 2, system behavior adaptation to increase 
dependability is possible. For this, the Multi-Level Dependability Concept relies on the system being able to adapt
its behavior to allow for more dependable system behavior. To enable the system to do so, dependability as 
objective of the system needs to be taken into account during early product development phases.
48   Tobias Meyer et al. /  Procedia Technology  15 ( 2014 )  46 – 53 
1.2. Multi-objective optimization as basis for the system behavior adaptation process
Self-optimizing mechatronic systems adapt their behavior by evaluating the current situation, selecting suitable 
objectives and adjusting the system behavior accordingly. For the last action, a relation from quantified objective to 
system configuration needs to be found. For this, multiobjective optimization techniques were found to be well 
suited.
Multiobjective optimization techniques attempt to minimize several objective functions at once by adapting 
system parameters. Typically, there are regions where two or more objective functions are contradictory: If one 
objective function value is lowered, another objective function value rises. This results in the so-called Pareto front. 
It includes all those points which form an optimal compromise among different objective functions. Since the 
objective function values are altered by adapting system parameters, to each point on the Pareto front the required 
system parameters are known. This is called the Pareto set. Both Pareto front and Pareto set together enable a system 
to prioritize objectives by selecting a point on the Pareto front, then adapting its behavior by selecting the system 
parameters accordingly from the Pareto set. By setting them to be the current working point of e.g. controllers, the 
behavior adaptation is concluded. 
2. Including dependability as objective functions in multiobjective optimization
Our proposed method to include dependability of an intelligent technical system in a multiobjective optimization 
problem builds on the foundation of using multiobjective optimization techniques to determine optimal system 
configurations. To this end, objective functions that include a model of the system behavior are evaluated. This way, 
the system behavior for the currently selected system parameters determines objective function values. Parameters 
can be chosen accordingly by the optimization algorithm. This approach has proven to be suitable for several 
practical problems, see e.g. [7] and [8]. Using the proposed method, this model of the system behavior is augmented 
with additional objectives which represent dependability of the full system or of individual components. By 
prioritizing these objectives, lower load on individual components can be achieved, thus increasing component and 
in turn system dependability.
The aim of the proposed method is to establish a structured procedure which can be followed to determine 
whether such dependability-oriented objectives need to be included and how to include them. To this end, the 
method is subdivided into five main steps with their respective tasks and results. These steps are shown in Fig. 1 and 
will be detailed in the following sections.
2.1. Step 1: Analyze system dependability
The first step is to analyze system dependability. For this, classical reliability modeling methods such as Fault 
Tree Analysis (FTA), Reliability Block Diagrams (RBD), Failure Mode and Effects Analysis (FMEA) or more 
advanced methods such as Markov models can be used. The main goal is to identify critical components through the 
identification of dominating failure modes. For this, either importance analysis [9] or the risk priority number in 
FMEA can be used. Within the scope of multiobjective optimization, special emphasis has to be put on the 
dominance of failure modes: Since a low number of objectives and parameters is desired, irrelevant, i.e. not highly 
probable failure modes, might need to be neglected. From the identification of the dominating failure modes, the 
critical components can be obtained. A component is regarded as critical if it contributes significantly to the 
dominance of one of the dominating failure modes. While the number of failure modes needs to be low for 
computationally efficient calculation of operating points using multiobjective optimization, it also needs to be 
ensured that no relevant failure modes are neglected. If they are, there is no way to adapt system behavior 
accordingly, thus rendering dependability-adaptive operation impossible. In order to achieve a dependable system, 
the dependability of all individual critical components needs to be ensured and the system behavior needs to be 
adapted accordingly at runtime.
49 Tobias Meyer et al. /  Procedia Technology  15 ( 2014 )  46 – 53 
Fig. 1. Overview of proposed method to identify dependability-oriented objective functions.
To setup all three actions of the process of self-optimization, the model of system dependability can be used to 
evaluate the current situation: Using Condition Monitoring techniques to identify the current state of individual 
components, the parameterization of the model can be changed at runtime, thus estimating system dependability.
2.2. Step 2: Identify load factors
Once the critical components are known, a way to influence their degradation behavior at runtime has to be 
constructed. The degradation process is slowed down if load factors are reduced. These load factors are individual 
for all components and thus need to be identified for all critical components using degradation models. In many 
cases, the critical components will be actuators, power electronics or structural parts. For such components, 
modeling the component degradation using common-knowledge models such as popular Miner’s rule [10] or more 
advanced modeling techniques [11] is possible. These degradation models will require new input information such 
as e.g. acting forces, current temperature or environmental contamination, which needs to be determined from the 
model of system behavior and is regarded as load factors of the critical components.
2.3. Step 3: Add missing load factors to model of system behavior
When using multiobjective optimization techniques to determine suitable working points for intelligent 
mechatronic systems, a model of the system behavior is required. The basis of this is usually a model of system 
dynamics. In some cases, it is sufficient to fully provide all information required for the component degradation 
models. This is the case e.g., if the most critical component is a mechanical part with lifetime limited by load cycles 
and which is already included in a multibody dynamic model. During an evaluation of the multibody dynamic 
model, the forces acting on the mechanical part are calculated. These forces can be regarded as representative of the 
current load spectrum and serve as input information for the component degradation model.
However, if such information is not present, the model of the system behavior needs to be augmented 
accordingly. This might include, but is not limited to, not-yet modeled component dynamics or models of thermal 
behavior of components. All required models have to be included in the model of system behavior and need to be 
interconnected so as to allow for a system simulation that includes all relevant effects for all component degradation 
models. This augmented model of system behavior is then used as basis of the following multiobjective 
optimization.
Augmented model
of system behavior
Critical/relevant failure
modes and components
1
ƔCreate system dependability model
Ɣ Importance analysis
Identify load factors
Add missing load factors to 
model of system behavior
Identify system parameters 
corresponding to load factors
4
3
2
ƔSelect component degradation model
ƔAnalyze model of system behavior
Load factors for all
critical components
Include load factors as objectives 
in multiobjective optimization
5
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parameters in multiobjective 
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2.4. Step 4: Identify system parameters corresponding to load factors
In order to actively influence system dependability at runtime, the load factors for all critical components need to 
be controllable by altering priorities of system objectives. If this was not the case, an adaptation of the system 
behavior at runtime to improve component and system dependability would be impossible. When priorities of 
system objectives are changed at runtime, i.e. the point of the Pareto front currently used is changed, the system 
working point is changed accordingly by selecting the corresponding optimization parameters from the Pareto set. 
To make certain that the dependability of each critical component can be controlled by changing system objective 
priorities, an interaction from optimization parameters to component dependability needs to be guaranteed. This 
crucial step relies on the model of system dynamics that forms the basis of the multiobjective optimization. It can
usually be reduced to a set of ordinary differential equations or differential algebraic equations, which are 
commonly used to describe dynamic system behavior. When considering the optimization parameters as input and 
the component dependability as output, the problem is reduced to demonstrating controllability, which is possible 
using methods from control engineering.
If the system is not controllable, i.e. if not all component dependabilities can be changed by the optimization 
parameters, additional parameters need to be found. In most intelligent technical systems, there are also non-
intelligent parts, e.g. lower level control loops or feed forward controls which are not adaptive. These are good 
candidates for additional optimization parameters: By altering their parameters in the multiobjective optimization, 
additional system inputs are generated at no or low cost. If this is not possible but at least one component 
dependability is still uncontrollable by the optimization parameters, changes to the system structure, e.g. additional 
actuators, might be required. This necessitates a change of all system models and is thus a leap backwards within the 
product development process, so considering inherently more reliable components might be a viable option. This 
can be achieved e.g. by stronger-built structural parts or higher rated power electronics, thus making the component 
non-critical.
2.5. Step 5: Include load factors as objectives in multiobjective optimization
If an intelligent technical system is to adapt its behavior based on the current system dependability, it needs to be 
able to prioritize objectives that lead to higher dependability of critical components. These objectives need to be 
included in the system of objectives and in the derived multiobjective optimization problem. To this end, the load 
factors for individual components are included as additional objectives. Using multiobjective optimization 
techniques, objective values are minimized, thus workings points with as low load as possible are calculated. 
3. Application example
As application example, a single plate dry clutch is used, as is commonly utilized in passenger vehicles to 
connect an internal combustion engine to the drivetrain. The system discussed within this paper serves as test rig for 
reliability control methods and deviates from commercially available systems: It is scaled-down and transmits low 
power at high wear rates. The clutch system is shown in Fig. 2. It consists of two friction plates of which the input 
plate is connected to the engine while the output plate is connected to the driven system, e.g. a gearbox. To engage 
the clutch, both plates are pressed against each other by the force ܨே, thus transmitting torque from the input plate to 
the output plate and in turn applying this torque to the driven system.
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Fig. 2. Setup of the clutch system. (a) Basic structure, (b) draft of test rig.
The normal force ܨே is applied using an electric motor as actuator. The torque of the motor is converted into a 
linear force using a ball screw and linear guide. The normal force is measured using a load cell; additionally, for the 
purpose of condition monitoring, a displacement sensor is included in the system. It measures the position of the 
friction plates relative to one another. The friction plates are supported by dual ball bearings each. If the relative 
speed ȟ߱ = ߱ଵ െ ߱ଶ is not equal to zero, wear of the friction plates occurs. Note that while the test rig includes a 
driving motor and a load motor, these are not part of the actual clutch system but instead represent engine and driven 
system respectively. For this reason they are omitted from this application example. In prior works (see [12]), the 
clutch system scenario was used to show the feasibility of self-optimizing dependability controlled operation. 
However, no procedure to determine dependability-oriented objective functions was given. Instead, engineering 
judgment was used. Also not the full test rig including actuator and sensors was analyzed, but only the friction 
plates.
3.1. Application of the proposed method to identify dependability objectives for use in multiobjective optimization 
problem
The application of the method to the actively actuated single plate dry clutch adheres to the five steps according 
to section 2. In the first step, an FMEA is conducted. The failure modes have been identified to be inadequate 
support of the friction pads due to worn ball bearings, failure to apply normal force due to failure of the actuator,
ball screw or linear guide and failure to transmit torque due to worn out friction pads. In order to reduce the number 
of relevant failure modes, the supporting ball bearings, the normal force actuator and all auxiliary mechanical parts 
were overdesigned to have an estimated time to failure well above the specified lifetime of the clutch system. The
controller of the normal force actuator and both sensors do not show load-dependent failure behavior and can thus 
not be included in the behavior model. However, friction pad wear highly depends on the current actuation strategy:
during fast actuation, little wear occurs; slow actuation wears the clutch plates away quickly. The pads are thus 
prime candidates for adaptive control of their dependability and wearing them out is the critical failure mode of the 
whole system. Reliability and in turn availability are influenced, but not the other attributes of dependability. While 
they need to be ensured as well, the behavior adaptation process is not required for these. Thus it is sufficient to 
control system reliability.
ɘ1 ɘ2 ȣ2
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Ɋ
Friction
plates
Engine Driven
system
Load motor 
(represents 
driven system)
Driving motor
(represents 
engine) Friction
plates
Linear guide
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In the second step, load factors need to be found. As was previously shown, the only relevant components are the 
friction pads. They wear approximately proportional with factor ݌௙ to the friction energy ܧ௙ . For each actuation 
cycle ݇ with time span ݐ = ݐ଴… ݐ଴ + ݐ௥, where ݐ௥ is the duration of the actuation cycle, the wear ݓ is:
ݓ(݇) = ݌௙ ڄ ܧ௙(݇) = ݌௙ ڄ ׬ ௙ܲ  (ݐ)dݐ௧బା௧ೝ௧బ = ݌௙ ڄ ׬ ிܶ(ݐ) ڄ ߂߱(ݐ)dݐ
௧బା௧ೝ
௧బ
, (1)
with ிܶ(ݐ) being the torque transmitted by the clutch and ȟ߱(ݐ) being the relative speed between plates. The 
power due to friction, ௙ܲ(ݐ), is regarded as load factor for clutch plate reliability.
For the third step, this model of clutch plate reliability was implemented in the behavior model of the full clutch 
system and the surrounding system, i.e. engine and driven system. For further details about the implementation, see 
[12]. Both torque transmitted and relative speed are already known from system dynamic equations, so no further 
load factors need to be included.
The fourth step is to identify optimization parameters. The desired system behavior is to engage the clutch and in 
turn to accelerate the driven system to engine speed, i.e. ߱ଵ = ߱ଶ, ߂߱ = 0. The optimization parameters which
allow an adaptation at runtime are mainly the time it takes to accelerate from rest to full speed, which is equal to the 
actuation duration ݐ௥, and the trajectory of the normal force ܨே(ݐ) used during actuation.
For the final step, the load factor ௙ܲ(ݐ) is included as additional objective within the multiobjective optimization 
problem. The actual value of the objective function is not required for the behavior adaptation process, so instead of 
using the load factor directly as objective function, it might be advantageous to apply additional conversions such as 
integrating or calculating the mean over a simulation time, or evaluating stochastic parameters such as standard 
deviation. In case of the clutch system, the accumulated absolute value after one actuation cycle was required. 
Instead of calculating the absolute value, squaring was used for computational efficiency. The value of ௙ܲ(ݐ)ଶ was 
then integrated over a full actuation cycle, thus forming the new objective ݂:
݂ = ׬ ௙ܲ(ݐ)ଶdݐ௧బା௧ೝ௧బ .                                                                   (2)  
The results of this multiobjective optimization problem including reliability of the clutch plates are the Pareto 
front and set, which can be used for a behavior adaptation to actively control the reliability of the clutch system. In
[12], such a closed-loop control for system reliability was introduced. There it was shown that the required usable 
lifetime is achieved despite changes in requirements or wear rate and that the system adaptation process based on 
pre-determined working points offers a great advantage over a single static system configuration. As was shown, for 
the calculation of suitable working points including dependability, multiobjective optimization techniques with 
additional objective functions can be used.
4. Results and Conclusion
Self-optimizing mechatronic systems are able to autonomously adapt their system behavior while taking 
dependability into account. However, in order to be able to alter component or system dependability, a relation 
between system objectives and dependability needs to be guaranteed. For an effective adaptation process, 
optimization parameters need to affect dependability-related objectives. Then the system is able to adapt system 
behavior regarding dependability by prioritizing objectives and selecting the working point accordingly. These 
problems are addressed with the method presented.
It consists of a suitable process to identify dependability-oriented objectives for the behavior adaptation process 
of an intelligent technical system. For this, system dependability as well as component dependability is taken into 
account. Appropriate objectives are constructed and the applicability of the existing or new optimization parameters 
is evaluated. New objectives or parameters are then implemented within the multiobjective optimization problem. 
An actively actuated single plate dry clutch was given as application example for the proposed method. The 
critical failure mode for this system was identified to be the inability to transmit torque due to worn out clutch 
plates. To include this within a multiobjective optimization problem, an additional objective function for the load 
factor “Power lost due to friction” ௙ܲ(ݐ) was constructed. It serves as prioritizable objective for a subsequent 
53 Tobias Meyer et al. /  Procedia Technology  15 ( 2014 )  46 – 53 
behavior adaptation process, which itself is not within the scope of this paper. However, results of this adaptation 
process show that a great increase in dependability can be achieved.
The proposed method appears to be a suitable augmentation to the development process of dependable self-
optimizing systems. It makes the selection of dependability-related objectives impartial to subjective judgment of 
development engineers and ensures that the objectives do not only match the requirements, but also offer suitable 
means for behavior adaptation.
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